Introduction
============

The assembly and disassembly of membrane proteins drive a variety of cellular activities, including membrane fusion. For example, membrane-directed self-assembly of a supramolecular ring complex \[[@b1], [@b2]\] and its subsequent disassembly \[[@b3]\], is required for membrane fusion and secretion in cells. Neurotransmission, and the secretion of hormones or digestive enzymes, all involve fusion of opposing bilayers. At the nerve terminal, fusion involves conserved target membrane proteins SNAP-25 and syntaxin 1A, termed t-SNAREs, and synaptic vesicle-associated membrane protein VAMP2 or v-SNARE \[[@b4]-[@b6]\]. In the presence of Ca^2+^, when a v-SNARE-reconstituted liposome meets a t-SNARE-reconstituted liposome, SNAREs in opposing membranes interact and self-assemble in a ring, establishing continuity between the compartments \[[@b1], [@b2]\]. In the presence of ATP, this highly stable membrane-directed and self-assembled SNARE complex can undergo disassembly in the presence of the soluble NSF an ATPase \[[@b3], [@b7]\].

Cholesterol and LPC are known to contribute to the negative and positive curvature, respectively, of membranes \[[@b8], [@b9]\]. Phosphatidylcholine (PC) is a major membrane phospholipid in mammalian cells, possessing a polar phosphocholine head group and two fatty acid hydrocarbon chain. The removal of one fatty acid chains results in the production of LPC \[[@b10]\]. In cells, LPC originates from the enzymatic action of phospholipase A~2~ (PLA~2~) on PC. PLA~2~ cleaves the fatty acid chain at the 2-position of the glycerol backbone of PC. Lysophosphatidylcholine is also generated from PC by the action of lecithin-cholesterol-acyl-transferase.

Lecithin-cholesterol-acyl-transferase transfers a fatty acid from PC to cholesterol, resulting in the formation of a cholesterolester and LPC \[[@b11]\]. Lysophosphatidylcholine is predominantly bound to albumin in the blood, with very small amounts of free monomolecular LPC in equilibrium. The concentration of LPC in blood plasma of healthy humans usually ranges from 200 to 400 μM \[[@b12]-[@b15]\]. In view of this, approximately 500 μM LPC, as elevated level of the molecule in membrane, was used in our *in vitro* liposome studies. Similarly, the exogenous exposure of 10 μM LPC to cells in our *in vivo* experiments was carried out.

Membrane-containing LPC generates larger SNARE ring complexes, where the α-helical component of the complex is little affected by NSF--ATP \[[@b16]\]. In contrast, cholesterol-containing membrane produces smaller SNARE ring complexes that readily disassemble in the presence of NSF--ATP \[[@b16]\]. In live cells, efficient t-/v-SNARE disassembly would be critical for subsequent rounds of secretory vesicle docking and fusion at the cell plasma membrane during secretion. The inhibitory effect of LPC in (NSF--ATP)-mediated t-/v-SNARE disassembly, and its possible influence on cellular secretion, was therefore hypothesized. To test this hypothesis, the association between LPC- or cholesterol-associated t-SNARE and v-SNARE liposomes in the presence of NSF--ATP, was examined using atomic force microscopy (AFM), dynamic light scattering (DLS), and X-ray diffraction measurements. Further, the disassembly of t-/v-SNAREs in isolated nerve terminals (fast secretor, msec) and exocrine pancreas (slow secretor, min.) exposed to either cholesterol or LPC was immunochemically determined. Result from the study demonstrates LPC-induced inhibition of SNARE complex disassembly both *in vitro*, and *in vivo* in live cells.

Materials and methods
=====================

Preparation of t-SNAREs, v-SNARE and NSF
----------------------------------------

*N-*Terminal 6xHis-tag constructs for SNAP-25 and NSF, C-terminal 6xHis-tag constructs for Syntaxin 1A and VAMP2 were generated. All four proteins were expressed with 6xHis at full length in *Escherichia coli* (*BL21DE3*) and isolated by nickel--nitrilotriacetic acid (Ni--NTA) affinity chromatography (Qiagen, Valencia, CA, USA), according to established published procedures \[[@b17]-[@b19]\]. Protein concentration was determined by bicinchoninic acid (BCA) assay. In the BCA assay, Cu^2+^ is reduced to Cu^1+^ by protein in an alkaline medium, and the bicinchoninic acid is then reacted with the reduced cuprous cation to produce an intense purple-coloured reaction, read using a colorimeter. The reaction product is water-soluble and exhibits a strong linear absorbance at 562 nm with increasing protein concentrations.

Preparation of proteoliposomes
------------------------------

All lipids were obtained from Avanti Polar Lipids (Alabaster, AL, USA). For the control group, a 5 mM lipid stock solution was prepared by mixing lipid solution in chloroform-DOPC (1,2-dioleoyl phosphatidylcholine): DOPS (1,2-dioleoyl phosphatidylserine) in 70:30 mol/mol ratios in glass test tubes. For the cholesterol group, a 5 mM lipid stock solution was prepared by mixing lipid solution in chloroform-DOPC (1,2-dioleoyl phosphatidylcholine): DOPS (1,2-dioleoyl phosphatidylserine): cholesterol in 63:27:10 mol/mol/mol ratios in glass test tubes. For the LPC group, 5 mM lipid stock solution was prepared by mixing lipid solution in chloroform-DOPC: DOPS: LPC at the molar ratio of 63:27:10 in glass test tubes. The lipid mixture was dried under gentle stream of nitrogen and resuspended in 5 mM sodium phosphate buffer, pH 7.5, by vortexing for 5 min. at room temperature. Unilamellar vesicles were formed following sonication (50 times at 10 sec./sonication), followed by extrusion using 50 nm pore-size membrane. Typically, vesicles ranging in size from 45 to 50 nm in diameter were obtained as assessed by AFM and photon correlation spectroscopy. Two sets of proteoliposomes were prepared by gently mixing either t-SNARE complex (Syntaxin-1A-His~6~/SNAP-25-His~6~; final concentration 25 μM) or VAMP2-His~6~ (final concentration 25 μM) with liposomes \[[@b1], [@b13]\], followed by three freeze/thaw cycles to enhance protein reconstitution at the vesicles membrane ([Fig. 1](#fig01){ref-type="fig"}).

![Schematic drawing depicting cholesterol- and LPC-associated PC:PS vesicles reconstituted with t-SNAREs and v-SNARE, interact to form t-/v-SNARE ring complexes. In this study, the interaction between the opposing t- and v-SNARE vesicles containing either cholesterol or LPC was investigated, both in presence and absence on NSF--ATP.](jcmm0016-1701-f1){#fig01}

Because vesicle size influences membrane curvature and the size of the t-/v-SNARE ring complex \[[@b2]\], a uniform vesicle population was prepared for the entire study using minor modification of a published \[[@b2]\] extrusion method. Two sets of 50 nm in diameter liposomes, one set containing cholesterol and the other LPC, were reconstituted with either t-SNAREs or v-SNARE for use ([Fig. 1](#fig01){ref-type="fig"}).

Atomic force microscopy
-----------------------

Atomic force microscopy was performed on liposomes placed on mica surface, using minor modification of our published procedure \[[@b2], [@b3]\]. Liposomes were imaged using the Nanoscope IIIa AFM from Digital Instruments (Santa Barbara, CA, USA). Images were obtained in the 'tapping' mode in air, using aluminium-coated silicon tips with a spring constant of 40 N m^−1^, and an imaging force of \<200 pN. Images were obtained at line frequencies of 1--2 Hz, with 256 lines per image, and constant image gains. Topographical dimensions of the lipid vesicles were analysed using the software Nanoscope IIIa4.43r8, supplied by Digital Instruments.

Wide-angle X-ray diffraction studies
------------------------------------

X-ray diffraction was performed by a minor modification of a published procedure \[[@b20]\]. Fifty microlitres of 1 mM PC:PS-cholesterol or -LPC t- and v-SNARE reconstituted vesicle suspension was placed at the centre of a quartz mounted on a glass sample holder, which was placed in a Rigaku SmartLab RU2000 rotating anode X-ray diffractometer equipped with automatic data collection unit (DATASCAN) and processing software (JADE). Experiments were performed at 25°C. Samples were scanned with a rotating anode, using the nickel-filtered Cu Kα line (λ = 1.5418 Å) operating at 40 kV and 150 mA. Diffraction patterns were recorded digitally with scan rate of 10°/min using a scintillation counter detector. The scattered X-ray intensities were evaluated as a function of scattering angle 2Θ and converted into Å units, using the formula *d* = λ/2 sin Θ. Recordings were made of vesicles in solution in the 1.54--5.9 Å diffraction range, and a broad diffraction pattern is demonstrated, spanning 2Θ ranges 26.67--42.45° or *d* value of 2.1--3.3 Å. The diffractogram traces exhibit a pattern typical of short-range ordering in a liquid system, indicating a multitude of contacts between interacting vesicles, majority being in the 3 Å region. X-ray studies demonstrate larger clusters and consequently much less diffraction by the LPC vesicles compared to cholesterol. Not surprising, the average distance between cholesterol--vesicles is shorter (3.05 Å) compared to LPC (3.33 Å).

Light scattering measurements
-----------------------------

Kinetics of association and dissociation of t-SNARE and v-SNARE reconstituted vesicles in solution were monitored by right angle light scattering assay with excitation and emission wavelength set at 600 nm in a Hitachi F-2000 spectrophotometer \[[@b20]\]. Equal volumes of t-SNARE (5 μM) and v-SNARE (5 μM) reconstituted vesicle suspension and NSF (1 μg/ml), were injected into the cuvette containing 700 μl of assay buffer (140 mM NaCl, 10 mM Hepes pH = 7.4, 2 mM CaCl~2~) at a final lipid concentration of 100 μM at 37°C. ATP-Mg (150 μM) was added to the mixture under continuous stirring, and changes in the light scattering were continuously monitored for a 5 min. period. Values are expressed as intensities of scattered light (arbitrary units) taken continuously after addition of ATP, after which interactions between vesicles in solution reached a steady state. Student's *t*-test was used for comparisons between groups with significance established at *P* \< 0.001.

Brain tissue preparation
------------------------

Slices were prepared from rat brains according to published methods \[[@b21], [@b22]\]. Whole brain, from Sprague--Dawley rats weighing 100--150 g, was isolated and placed in ice-cold buffered sucrose solution (5 mM Hepes, pH 7.4, 0.32M sucrose), supplemented with protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). Brain slices were pre-incubated in the presence or absence of cholesterol (10 μM), LPC (10 μM), prior to incubation for 30 sec. in PBS, pH 7.4, containing 50 mM KCl. Following KCl incubation, the tissue was solubilized, protein concentration determined, prior to SDS-PAGE, electrotransfer to nitrocellulose membrane, and immunoblot analysis using SNAP-25 antibody.

Pancreatic lobule preparation
-----------------------------

Pancreatic lobules were prepared from Sprague--Dawley rat pancreas, and pre-incubated in the presence or absence of cholesterol (10 μM), LPC (10 μM), prior to incubation for 15 min. in PBS, pH 7.4, containing 1 μM carbamylcholine. Following incubation, the tissue was solubilized, protein concentration determined, prior to SDS-PAGE, electrotransfer to nitrocellulose membrane, and immunoblot analysis using SNAP-23 antibody.

Immunoblot analysis of SNARE complex disassembly
------------------------------------------------

Quantitative assessment of SNARE complex disassembly was determined using immunochemical analysis. Isolated rat brain slices were stimulated using 30 mM KCl following exposure to 10 μM cholesterol or LPC, or vehicle (control), followed by solubilization in buffer containing 1% Triton--1% Lubrol, 5 mM ATP--EDTA in PBS. Similarly, pancreatic lobules exposed to cholesterol, LPC or vehicle (control), was stimulated using 1 μM carbamylcholine for different periods, followed by solubilization in buffer containing 1% Triton--1% Lubrol, 5 mM ATP--EDTA in PBS supplemented with protease inhibitor cocktail (Sigma-Aldrich). Interactions were stopped by addition of Laemmli reducing sample preparation buffer at room temperature and the SNARE complex formed were resolved in a 12.5% SDS-PAGE. Proteins were electrotransferred to nitrocellulose sheets for immunoblot analysis using SNAP-25 (brain) or SNAP-23 (exocrine pancreas) specific antibody (1:2000) (Alomone Labs Ltd., Jerusalem, Israel). Immunobands were visualized using a chemiluminescence detection system (Amersham BioSciences UK Ltd., Little Chalfont, Buckinghamshire, UK) and photographed using a Kodak Image Station 440. Densitometry of the immunobands were performed with the Kodak 1D Image Analysis software and is presented as relative intensities or optical density. The approximately 70 kD band is the t-/v-SNARE complex, and the lower 25 and 23 kD bands that of SNAP-25 and SNAP-23, respectively.

Results and discussion
======================

LPC inhibits NSF--ATP induced t-/v-SNARE disassembly and vesicle aggregation
----------------------------------------------------------------------------

Exposure of cholesterol-associated t-SNARE and v-SNARE liposome mixtures resulted in the formation of vesicle clusters due to the interaction of t-SNARE in one vesicle interacting with v-SNARE in the opposing vesicle, as observed using AFM ([Fig. 1A](#fig01){ref-type="fig"} and B). Exposure of the vesicle clusters to NSF--ATP resulted in dissociation of the clusters due to NSF--ATP induced t-/v-SNARE complex disassembly ([Fig. 2C](#fig02){ref-type="fig"} and D). The presence of vesicles as monomers or dimers is observed following t-/v-SNARE disassembly ([Fig. 2D](#fig02){ref-type="fig"}). In contrast, exposure of LPC-associated t-SNARE and v-SNARE liposome mixtures to NSF--ATP resulted in little or no NSF--ATP induced disassembly, and consequently the accumulation of vesicles in clusters ([Fig. 2E](#fig02){ref-type="fig"}--H).

![Representative AFM micrographs demonstrating LPC containing t-/v-SNARE proteoliposome complexes fail to dissociate in the presence of NSF--ATP. Exposure of cholesterol-associated t-SNARE and v-SNARE liposome mixtures (A, B), low and high magnification to NSF--ATP results in liposome dissociation as demonstrated in (C) at low magnification and (D) at higher magnification. In contrast, LPC-associated t-/v-SNARE liposomes (E, F) remain clustered (G, H) following exposure to NSF--ATP. The left column (A, C, E, G) representing low-resolution images are all 10 χ 10 μm. Similarly, the right column (B, D, F, H) representing high-resolution images are all approximately 1 χ 1 μm. Note the NSF--ATP induced t-/v-SNARE disassembly and the resultant dissociation of the cholesterol containing vesicles in (C) compared to (A), and in (D) compared to (B). As opposed to cholesterol, the NSF--ATP induced inhibition of t-/v-SNARE disassembly and the resultant inhibition in dissociation of the LPC containing vesicles in (G) compared to (E), and in (H) compared to (F), is demonstrated.](jcmm0016-1701-f2){#fig02}

Reduced X-ray diffraction by LPC-associated t-/v-SNARE liposomes
----------------------------------------------------------------

To further determine the influence of LPC and cholesterol on the interaction between t-SNARE and v-SNARE vesicles, X-ray diffraction studies were performed ([Fig. 3](#fig03){ref-type="fig"}). Recordings were made of vesicles in solution in the 1.54--5.9 Å diffraction range, and a broad diffraction pattern was demonstrated, spanning 2Θ ranges 26.67--42.45° or *d* values of 2.1--3.3 Å. The diffractogram trace exhibits a pattern typical of short-range ordering in a liquid system, indicating a multitude of contacts between interacting vesicles, the majority being in the 3 Å region. In agreement with our AFM studies, X-ray studies demonstrate larger clusters and consequently much less diffraction by the LPC vesicles compared to CHOL ([Fig. 3](#fig03){ref-type="fig"}). The distance however between vesicles is closer in the CHOL population (3.05 Å) then in the LPC population (3.33 Å).

![Wide-angle X-ray diffraction pattern of interacting t- and v-SNARE-reconstituted lipid vesicles, with the vesicle membrane containing either cholesterol (CHOL) or lysophosphatidylcholine (LPC). Diffraction profiles of a mixture of 50 nm in diameter t-SNARE and v-SNARE reconstituted PC:PS vesicles either containing cholesterol CHOL or LPC. Note as a consequence of clustering of LPC-containing vesicles, the diffraction is significantly lower (green peak) compared to CHOL-containing vesicles (blue peak). Interestingly, the distance between interacting t-SNARE and v-SNARE vesicles is closer between the CHOL populations (3.05 Å) compared to LPC (3.33 Å).](jcmm0016-1701-f3){#fig03}

DLS demonstrates LPC inhibits t-/v-SNARE disassembly by NSF--ATP
----------------------------------------------------------------

Dissociated vesicles in suspension scatter more light than the same vesicles present in aggregates or clusters. Dynamic light scattering experiments performed on cholesterol-associated and LPC-associated t-SNARE and v-SNARE liposome mixtures in the presence of NSF--ATP, further confirm our AFM and X-ray diffraction studies ([Figs 2](#fig02){ref-type="fig"} and [3](#fig03){ref-type="fig"}). Dynamic light scattering studies demonstrate a total abrogation of NSF--ATP induced dissociation of LPC-associated t-/v-SNARE liposome complexes, in contrast to CHOL-associated t-/v-SNARE vesicles ([Fig. 4A](#fig04){ref-type="fig"}). Interestingly, both the potency and efficacy of t-/v-SNARE disassembly is impaired in presence of LPC. Note the dissociation of cholesterol-associated t-/v-SNARE vesicles occurs with rate constant *k* = 0.03 sec.^−1^ ([Fig. 4B](#fig04){ref-type="fig"}), and a slow dissociation constant of *k* = 0.01 sec.^−1^ in LPC vesicles ([Fig. 4C](#fig04){ref-type="fig"}).

![SNARE complexes in the presence of LPC fail to disassemble. (A) Real-time dynamic light scattering (DLS) profiles on cholesterol-associated (CHOL) and LPC-associated t-/v-SNARE liposomes in presence of NSF--ATP. There is no appreciable dissociation of the LPC vesicles, in contrast to a rapid ATP-dependent dissociation of CHOL vesicles (*P* \< 0.001). (B) Note the dissociation of cholesterol-associated t-/v-SNARE vesicles occurs with rate constant *k* = 0.03 sec.^−1^, and (C) a slow dissociation in LPC vesicles (*k* = 0.01 sec.^−1^). (D) Following KCl stimulation, isolated brain slices pre-incubated in CHOL, LPC or vehicle (CON) are solubilized in buffer containing ATP--EDTA, and 10 mg of protein resolved by SDS-PAGE, followed by immunoblot analysis using SNAP-25-specific antibody, negligible disassembly of the t-/v-SNARE complex is demonstrated in brain tissue pre-incubated in LPC, as opposed to the control (CON) or CHOL. Similarly, exocrine pancreas pre-incubated in LPC, demonstrate reduced disassembly of the t-/v- SNARE complex following stimulation of secretion using 1 mM carbamylcholine.](jcmm0016-1701-f4){#fig04}

LPC inhibits t-/v-SNARE disassembly in cells
--------------------------------------------

To further determine the role of cholesterol and LPC on t-/v-SNARE complex disassembly at the nerve terminal, isolated rat brain slices exposure to cholesterol, LPC or vehicle (control) were used. The brain tissue was stimulated using 150 mM KCl, followed by immunoblot analysis. It has been demonstrated that v-SNARE and t-SNAREs form an SDS-resistant complex, and NSF binds to the complex in presence of ATP (NSF--ATP) \[[@b23]\]. In the presence of ATP--EDTA, SNARE antibody is able to immunoisolate this stable NSF--SNARE complex \[[@b23]\]. In this study, stimulated brain slices demonstrated an inhibition of t-/v-SNARE complex disassembly in presence of LPC, further confirming AFM, X-ray and DLS experiments ([Fig. 4D](#fig04){ref-type="fig"}). These results suggest that in presence of LPC, once v-SNARE associated secretory vesicles interact with t-SNARE membrane to form the t-/v-SNARE ring complex and establish continuity, the complex fails to disassemble, resulting in an inhibition of subsequent rounds of vesicle docking and fusion. To further test this hypothesis in live cells, the experiment was repeated using exocrine pancreas. Following incubation in LPC, CHOL or vehicle, when stimulated exocrine pancreas were examined by immunoblot analysis using SNAP-23 specific antibody ([Fig. 4D](#fig04){ref-type="fig"}), results further confirmed the inhibitory effect of LPC on SNARE complex disassembly in live cells. These results are in agreement with earlier findings supporting LPC to be a membrane fusion inhibitor \[[@b24]\].

Earlier studies using AFM and circular dichroism spectroscopy \[[@b16]\] demonstrate that PC:PS liposomes containing LPC generate larger SNARE ring complexes, where the α-helical component of the complex is little affected by NSF--ATP. In contrast, cholesterol-containing liposomes produce smaller SNARE ring complexes similar to what is observed in control groups of plain PC:PS vesicles, that readily disassembles in the presence of NSF--ATP \[[@b16]\]. Previous studies implicate cholesterol's role in membrane fusion to be indirect, centred on SNARE formation through cholesterol binding to synaptophysin, a calcium- and cholesterol-dependent vesicle associated protein which forms a complex with synaptobrevin or VAMP, subsequently facilitating v-SNARE interaction with t-SNAREs \[[@b25]\]. In the present *in vitro* liposome study, no synaptophysin is present to influence such interactions of cholesterol with SNAREs. Furthermore, results from earlier studies \[[@b22]\] demonstrate no change in t-/v-SNARE ring complex size or shape in SNARE-associated liposomes containing membrane cholesterol.

In this study, we report for the first time that membrane LPC inhibits SNARE complex disassembly, supporting direct lipid--protein interactions to enable differential modulation of membrane fusion and secretion in cells. Modulating the concentration and distribution of such non-bilayer lipids at various membranes, could regulate the degree and rate of membrane fusion and membrane-directed SNARE complex assembly--disassembly. Cells with higher membrane-cholesterol levels, would promote membrane fusion while cells with increased membrane LPC content would facilitate secretory event longevity by inhibiting SNARE-complex disassembly. However, efficient t-/v-SNARE disassembly would be critical for subsequent rounds of secretory vesicle docking and fusion at the cell plasma membrane during secretion. Studies demonstrate that ras-transformed cell lines have a higher PC-turnover and a higher consumption of LPC than normal cells \[[@b26]\]. Also, there are reports suggesting that PC hydrolysis is a ras target during growth factor initiated mitogenic signalling \[[@b27]\]. Correspondingly, studies have demonstrated a strong correlation between altered plasma LPC levels and cancer \[[@b28], [@b29]\]. Hence, the altered plasma LPC levels observed in various cancers may result in defects in SNARE assembly--disassembly and membrane fusion, consequently affecting protein maturation and secretion in cancer cells. A decrease in membrane LPC would result in rapid t-/v-SNARE assembly--disassembly, and membrane fusion. On the contrary, an increase in membrane LPC levels would greatly slowdown t-/v-SNARE disassembly, and consequently membrane fusion kinetics. Because LPC is a naturally occurring lipid found in membranes, and its levels are tightly regulated, it may serve among other things, a natural modulator of NSF activity. It is of interest to note that, whereas NSF is an ATPase \[[@b30]\] behaving as a right-handed molecular motor \[[@b31]\] to disassemble t-/v-SNAREs; ATP synthase \[[@b32]\] is a left-handed molecular motor \[[@b33]\] involved in the generation of ATP in the mitochondria, and requires LPC for its multi-complex integrity.

In summary, this study demonstrates that in presence of membrane LPC, SNARE complex disassembly is inhibited, both *in vitro* in artificial proteoliposomes, and *in vivo* in live cells. This inhibition may result from the way t-/v-SNARE complexes assemble in LPC containing liposomes, or the result of a direct inhibition of NSF ATPase activity by membrane LPC. Further studies are therefore required to fully understand this inhibition of t-/v-SNARE disassembly by LPC.
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